Background: Klebsiella pneumoniae is a recognised agent of multidrug-resistant 3 (MDR) healthcare-associated infections, however individual strains vary in their 4 virulence potential due to the presence of mobile accessory genes. In particular, gene 5 clusters encoding the biosynthesis of siderophores aerobactin (iuc) and salmochelin 6 (iro) are associated with invasive disease and are common amongst hypervirulent K. 7 pneumoniae clones that cause severe community-associated infections such as liver 8 abscess and pneumonia. Concerningly iuc has also been reported in MDR strains in 9 the hospital setting, where it was associated with increased mortality, highlighting the 1 0 need to understand, detect and track the mobility of these virulence loci in the K.
The majority of K. pneumoniae lineages associated with liver abscess and 1 0 1 other invasive community acquired infections (e.g. clonal group (CG) 23, CG86, 1 0 2 CG380) carry virulence plasmids encoding iro, iuc and rmpA (3, 9, (23) (24) (25) 16 Table S1 for SmSTs assigned to each 2 7 5 genome). Maximum likelihood phylogenetic analyses of the AbST and SmST 2 7 6 sequences, and their translated amino acid sequences, revealed five highly distinct iuc 2 7 7 lineages and five iro lineages (labelled iro1, iro2 etc; see Fig. 1c, Fig. S1 ). Nucleotide 2 7 8 divergence between lineages was 1-11% (20-1000 substitutions), and no alleles were 8 5 iro genes present in other Enterobacteriaceae (see Fig. S2, Table S9 ), and the 2 8 6 presence of the additional iroE gene (Fig. 1b) , suggests that these more distant 2 8 7 lineages derive from outside Klebsiella, most likely Enterobacter (iro4) and E. coli 2 8 8 (iro5, iuc5) . Note that genotyping of rmpA was not performed since most rmpA-2 8 9 positive genomes carry two copies of the gene, which complicates allele typing from 2 9 0 short read data, however rmpA copy number per genome is reported in Table S1.
2 9 1 2 9 2
Mobile genetic elements associated with iuc and iro loci 2 9 3
Inspection of the genetic context surrounding the iuc and iro sequences 2 9 4
revealed that the various iuc and iro lineages were associated with distinct MGEs, 2 9 5
with the exception of iuc4 which was restricted to the chromosome of K. pneumoniae 2 9 6 subspecies rhinoscleromatis (ST67) ( Fig. 1c, Table 1 ). Most common were iuc1 and 2 9 7 iro1; these were both associated with pK2044-like plasmids (hereafter called KpVP1-2 9 8
1, see below) and the presence of two rmpA genes, and accounted for 74% of all 2 9 9 iuc+iro+ genomes. These were followed by iuc2 and iro2, which were associated with 3 0 0
Kp52.145 pII-like plasmids (hereafter called KpVP-2, see below), the presence of one Enterobacteriaceae iro loci, from which the K. pneumoniae iro1, iro2 and iro3 differ 3 2 0 by lack of iroE and inversion of iroN (see Fig. 1b ).
2 1
To examine the gene content and replicon differences between the various K.
3 2 2 pneumoniae plasmids associated with iuc and/or iro, 12 representative plasmids 3 2 3 associated with the various lineages were selected for comparison ( Fig. 2, Table S2 ).
2 4
These include six complete K. pneumoniae plasmid sequences identified from 3 2 5 . 2, Fig. 4 ). Only one of these (IncFII), hence we predict most are not self-transmissible. Mapping of iuc2a+ isolates 1 7 to each of the five representative iuc2a+ plasmid sequences indicated a degree of 4 1 8 conservation between plasmids in strains belonging to the same K. pneumoniae clone, 4 1 9
but none particularly well conserved across all iuc2a+ strains ( Fig. 4, Fig. S3 ).
2 0
However all iuc2a+ isolates formed a tight monophyletic cluster in the IncFIB K 4 2 1 replicon tree ( Fig. 5) , consistent with recent shared plasmid ancestry followed by 4 2 2 frequent structural and gene content changes. Notably the iuc2a-associated IncFIB K 4 2 3
replicon sequences were closely related to those of KpVP-1 and distant from those of 4 2 4
KpVP-2, hence we hypothesise that iuc2a plasmids share an ancestor that was a Lineage iuc3 was detected in 11 isolates from diverse sources and 4 3 1 chromosomal STs (Fig. 3) , and was associated with three related variants of the 4 3 2
IncFIB K replicon ( Fig. 5) . 2) .
3 5
The plasmids share around half of their gene content (96 kbp), including the IncFII K 4 3 6 tra-trb conjugative transfer machinery, a fimbrial protein and the fec iron acquisition 4 3 7 system in addition to iuc3 (Fig. 2, Fig. 4 , Table S2 ). Mapping to these sequences 4 3 8
showed all iuc3+ isolates carried related plasmids with an FII K transfer region ( Fig. 4 , 4 3 9 most of the burden of these hypervirulence-associated siderophores in the K.
7 6
pneumoniae population is associated with two dominant virulence plasmids, which 4 7 7
we define here as KpVP-1 and KpVP-2, that differ in terms of gene content (Fig. 2) 4 7 8
and are each associated with co-segregating sequences of the FIB K replicon, iuc and 4 7 9
iro loci (Fig. 1, Fig. 5) . These dominant virulence plasmid types are each represented 
0 5
We also detected several novel iuc+ or iro+ plasmid types, the most common 5 0 6
being the group of iuc2a plasmids (21% of all iuc+ strains) that were detected in 5 0 7 respiratory isolates from CG3, CG82 and CG90 and mostly originated from historical 5 0 8
collections (50). Interestingly these combine an iuc sequence closely related to that of 5 0 9
KpVP-2 ( Fig. 1) with a FIB K replicon sequence very close to that of KpVP-1 (Fig. 5) , 5 1 0 and showed substantial mosaicism and gene content variation (Fig. 2, Fig. 4) . The 5 1 1 iuc3 lineage was also quite common (5.3% of all iuc+ strains) and associated with a 5 1 2 variety of diverse plasmids, most of which carried the FII conjugative transfer region 5 1 3
and thus are likely self-transmissible (Fig. 2, Fig. 4) . It is notable that iuc2a and iuc3 5 1 4
plasmids were not only quite rare in the population, but also showed less evidence of 5 1 5 stable maintenance within K. pneumoniae lineages (Fig. 3) and lower stability of gene 5 1 6 content (Fig. 2) than the dominant KpVP-1 and KpVP-2 plasmids (Fig. 4) . The 5 1 7 position of iuc2a and iuc3 in the iuc trees (Fig. 1, Fig. S2 ) suggests that both derive 5 1 8 from other K. pneumoniae loci, hence we speculate it is the properties of the plasmids 5 1 9 mobilising these loci, and not the siderophore biosynthesis loci themselves, that 5 2 0 makes these variants less widespread in the K. pneumoniae population. This variation 5 2 1 in gene content may be a consequence of self-transmissibility, exposing the plasmids 5 2 2 to a wider gene pool of host bacteria and providing opportunities for gene content 5 2 3 diversification, which could potentially include AMR genes. Notably the iuc3 5 2 4
plasmids carry an arsenal of additional virulence loci involved in iron metabolism and 5 2 5
resistance to heavy metals, reminiscent of KpVP-1 (Fig. 2) .
2 6
The other novel plasmids appear to derive from outside K. pneumoniae (Fig.   5  2  7   1, Fig. S2) loci to other lineages, threatening the emergence of novel hypervirulent strains.
7 5
Indeed, reports of MDR clones acquiring iuc plasmids appear to be increasing in 5 7 6
incidence, particularly in China (27, 29, (56) (57) (58) , and have been associated with 5 7 7
increased morbidity and mortality. The AbST and SmST typing schemes developed in 5 7 8
this study provide an important resource to identify and monitor the movement of iro 5 7 9
and iuc loci and associated MGEs in K. pneumoniae genomes; which will be 5 8 0
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